Abstract Over the last two decades the molecular and cellular mechanisms underlying T cell activation, expansion, differentiation, and memory formation have been intensively investigated. These studies revealed that the generation of memory T cells is critically impacted by a number of factors, including the magnitude of the inflammatory response and cytokine production, the type of dendritic cell [DC] that presents the pathogen derived antigen, their maturation status, and the concomitant provision of costimulation. Nevertheless, the primary stimulus leading to T cell activation is generated through the T cell receptor [TCR] following its engagement with a peptide MHC ligand [pMHC]. The purpose of this review is to highlight classical and recent findings on how antigen recognition, the degree of TCR stimulation, and intracellular signal transduction pathways impact the formation of effector and memory T cells.
Introduction
Prior to an infection, naïve mice contain very low numbers of T cells specific to any foreign antigen. Though there is some variation, the frequency of such cells within the total CD8 or CD4 population has been estimated to be about 1 in 100,000 cells and this seems to hold true for both murine and human T cells [1] [2] [3] [4] [5] [6] . After a viral or bacterial infection those rare antigen-specific T cells become activated and follow very typical response patterns. These consist of an expansion phase which lasts about 7-8 days in mice [7, 8] and about 14 days in human [9] . In this phase, antigen-specific T cells massively expand, and a single naïve T cell can undergo more than 15 consecutive divisions, and over time, one cell can generate more than 50,000 descendants [2] . Concomitant with their expansion, T cells differentiate into effector cells. The expansion phase is followed by a contraction phase during which the majority of antigen-specific T cells undergo apoptotic cell death, although a fraction of the antigen-specific T cells move on and differentiate into memory T cells.
How long does a T cell need to be stimulated by antigen?
In secondary lymphoid organs, naïve or memory T cells screen the pMHC complexes that are presented by DC. In the absence of infection, DC present only self-peptide MHC complexes, and the TCRs on the vast majority of T cells will very weakly interact with these complexes. Live cell in vivo imaging studies revealed that in this situation the DC T cell contacts are very brief, and the T cells are highly motile and quickly move from one DC to another [10, 11] . In contrast, when a DC presents a foreign-peptide MHC complex, then those T cells expressing a TCR which has a sufficient affinity for foreign pMHC (see below for details) become selectively less motile and interact for longer periods of time with the DC [11] compared to other T cells which lack specificity for the foreign pMHC. During these longer periods of interaction, the T cells are thought to be instructed to undergo proliferation and differentiation.
An important question has been how long a T cell needs to interact with a foreign antigen-presenting DC and, more precisely, how long it needs to be stimulated by the antigen in order undergo differentiation into effector and memory T cells. In vitro experiments, where cells were first exposed for a defined amount of time to antigen and then separated from the antigenic stimulus, showed that approximately 2 h of antigen exposure is sufficient to activate T cells and that the cells subsequently divide and differentiate in the absence of antigen. This observation led to the concept that a short duration of antigen exposure leads to the activation of a differentiation program that even in the absence of further antigen exposure controls T cell differentiation [12, 13] . Using the same in vitro T cell activation system, but combined with a subsequent in vivo transfer of the cells, showed that programmed T cell expansion can also occur in vivo. However, in this setup, the cells needed to be stimulated for 4-20 h and thus somewhat longer compared to continuous in vitro conditions [14] .
Nevertheless, the question remained how far the programmed expansion concept is applicable to T cell differentiation occurring entirely in vivo and during a real infection where antigen presentation can persist for long periods of time [15, 16] . In vivo imaging studies using peptide-loaded DC and transgenic T cells indicate that T cell DC interactions last about 12-24 h. Afterwards, T cells dissociate from the APC and begin to proliferate [10, 17] . This behavior is well in line with the concept of programmed T cell differentiation. However, in order to formally prove that T cell programming occurs in vivo, it required a system where antigen presentation can be terminated at any given time. An approach for controlling antigen presentation in vivo is to induce T cell activation through antigen-loaded dendritic cells that transgenically express a high affinity diphtheria toxin receptor. Since mice normally lack this receptor, diphtheria toxin injection can be used to selectively deplete antigen-presenting DC. Using this system, it was interestingly observed that longer periods of presentation do not alter the differentiation of T cells but impact the numbers of effector and memory T cells that arise after the stimulation [18] . While these observations go along with the idea of programmed expansion, they also reveal that the clonal burst size is not a programmed event and that it is dependent on further antigen recognition during the T cell expansion phase. Similar observations were subsequently made in a number of systems: ablating DC at later time points during an influenza infection [19] , injecting Listeria monocytogenesinfected mice at day 3 with an antibody that blocks pMHC recognition by T cells [20] , and experimental reduction of virus burden at defined time points post-infection [21] . Moreover, when naïve T cells are activated in vitro and then transferred into acutely infected hosts that either present a cognate antigen for these T cells or not, then T cells show much stronger expansion in the presence of antigen [22] . Taken together, shortening antigen presentation seems to have little to no impact on the functional differentiation of effector and memory T cells, suggesting that the sole differentiation of T cells is indeed driven by a differentiation program initiated at very early time points during an infection. Nevertheless, optimum T cell expansion seems to require persistence of antigen through the T cell expansion phase.
What remains ill defined is which types of antigenpresenting cell (APC) promote or impact the clonal burst size of the T cell population. Is this a function of the same type of DC that initiates T cell priming or does it involve other types of DC or even non-professional APC? Investigating T cell migration kinetics in the spleen in response to bacterial infection revealed that, after an initial wave of proliferation, some T cells can again be found clustered with DC [20] ; this DC-T cell re-association might boost the T cell responses. T cell expansion can also be boosted upon peripheral antigen exposure, and here tissue-resident DC and other types of APC might be involved. In the lungs, it has been shown that resident DC enhance T cell effector function [23] , but this could be due to enhanced T cell expansion [24] .
Interestingly, CD4 T cells appear to significantly differ from CD8 T cells when it comes to their activation and differentiation requirements. It has been shown that longer periods of antigen presentation are needed to activate CD4 T cells and that shortening antigen presentation interferes with T cell differentiation and T cell trafficking to peripheral tissues [25, 26] . Moreover, while adoptive transfer of TCR transgenic CD8 T cells increases the precursor frequency, this does not prevent the generation of memory T cells during an infection [27] . On the other hand, the same procedure performed with CD4 transgenic T cells strongly impacts T cell differentiation and prevented the formation of memory [28] . Similar results were obtained when injecting low doses of antibodies that block pMHC and TCR interaction [29] . In addition, the generation of CD8 effector T cells seems inevitably linked to the subsequent emergence of memory T cells. In contrast, with CD4 T cells, it has been observed that the generation of functional effector T cells during an infection sometimes does not lead to the generation of T cell memory [25, 26] . These observations highlight clear differences between CD4 and CD8 T cells in terms of programmed effector and memory T cell differentiation.
Impact of the strength (quality) of the stimulus:
Flexibility of T cells to respond to different qualities of pMHC T cells are equipped with an antigen receptor and a signaling apparatus that show an astonishing flexibility and precision when recognizing pMHC ligands. The ability of T cells to respond to pMHC that differ greatly in their strength of interaction with the TCR is best illustrated by the processes that take place during positive and negative selection in the thymus. Insight into thymic selection processes can be obtained by performing so called fetal thymic organ cultures (see Fetal thymic organ culture (FTOC)). Here, thymi harvested from TCR transgenic mice are cultured in the presence of different peptide ligands which are examined for their impact on T cell development. As explained in Fetal thymic organ culture (FTOC) and Altered peptide ligands (APL) these cultures are normally performed either with the natural ''agonist'' peptide corresponding to the transgenic T cells or with so called altered peptide ligands (APL) which are variants of the original peptide but which provide a lower level of stimulation to the transgenic T cells (see Altered peptide ligands (APL)). Using this method, it turned out that ligands which bind to the OT-1 TCR with a physical strength (see Defining the TCR binding and stimulatory potency of peptide MHC complexes) of 20-60 lM (R4, E1, or G4 APL) support positive selection while tenfold higher affinities (i.e. wild-type N4 ligand) have been shown to lead to negative selection in the thymus [30] . While a tenfold difference may not sound all that much at the first glance, the biological magnitude of these differences is enormous, i.e. a tenfold different affinity roughly corresponds to a 1,000-fold higher peptide concentration in functional avidity assays (see Defining the TCR binding and stimulatory potency of peptide MHC complexes). Thus, T cell selection in the thymus strongly underlines the ability of T cells to efficiently discriminate differences in the affinity of interaction between pMHC and the TCR and respond accordingly. More recent studies have defined the TCR affinity where negative selection is initiated [31] . In the presence of CD8 binding, TCRs at the negative selection threshold bind their pMHC antigens with a K D *6 lM and have a half-life of *2 s. The mechanism for the initiation of negative selection has been proposed to involve a TCR/co-receptor zipper [32] .
In contrast to thymic selection, peripheral T cell activation was thought to require stronger TCR stimulation and high affinity pMHC and TCR interaction. This view was mainly supported by the observation that following an infection the bulk population of effector or memory T cells responds with high functional avidity (see Defining the TCR binding and stimulatory potency of peptide MHC complexes) to their antigen [33] . The assumption that strong signals are required for peripheral T cell activation was challenged by observations that, even in the absence of foreign antigen, meaning in the absence of pMHC that strongly bind to the TCR, T cells slowly proliferate and over time can obtain memory like phenotypes. This phenomenon has been termed homeostatic proliferation (HP) and plays a role in peripheral maintenance of T cells [34] . HP is thought to happen at all times, but it is most prominent when cells are in a lymphopenic host. The evidence that weak TCR pMCH interactions are the driving force behind HP was obtained in mice that present only a single pMHC that contains the very weak OT-1 APL R4. This monospecific pMHC situation was achieved by using TAP-deficient mice which fail to present peptides derived from intracellular proteins. R4 presentation in these mice was selectively restored upon using a construct that enables R4 translocation into the endoplasmic reticulum independently of TAP. Despite the weak TCR binding properties of R4 to the OT-1 TCR, this epitope nonetheless restored the ability to induce homeostatic OT-1 T cell proliferation [35] . As R4 also positively selects OT-1 in FTOC systems [30] , it was furthermore concluded that both processes are driven by similar pMHC affinities.
Interestingly, T cells that underwent HP showed typical phenotypic features of memory T cells such as expressing high levels of CD44 or being able to more rapidly secrete IFN-c or granzymes and perforin in response to TCR stimulation. In line with this, it was subsequently demonstrated that T cells, which underwent strong HP, show similar ability to protect mice from lethal pathogen challenges as conventional memory T cells [36] . This observation lead to the introduction of the term HP memory T cell. Interestingly, one study even found that, among the rare antigen-specific T cells found in the naïve T cell population, a fraction of these antigen-specific T cells show an HP memory phenotype [37] . Taken together, all these data indicate that even the weakest TCR ligand can in principle support memory T cell differentiation. Moreover, it also shows that peripheral T cells likely retain the ability to respond to those ligands by which they were positively selected in the thymus.
Background information
This is an elegant system for studying T cell differentiation in the thymus [38] . Such cultures are performed with thymi harvested from day 15 embryos. These can be thymi taken from normal mice, but they are often obtained from TCR transgenic mice. For studying the ability of different APL (see Altered peptide ligands (APL)) to induce positive and negative selection very often OT-1 transgenic and TAP-or b2m-deficient donor mice are used. Any of the two deficiencies ensures that the thymus will not present endogenous peptides to the OT-1 and therefore T cell development is blocked at the double positive stage prior to positive selection. Upon adding soluble synthetic peptides (and b2m to b2m-deficient thymi), one can create a thymus that only presents a defined synthetic peptide. These cultures are used to determine whether a specific peptide causes positive or negative selection [48] . Altered peptide ligands (APL) Studies on how differences in the strength of pMHC and TCR interaction impact T cell responses are inevitably linked to TCR transgenic T cells and so-called altered peptide ligands. APL are ligands that differ by at least one amino acid from the original ligand against which a transgenic T cell was raised, and these substitutions impact the binding affinity of the corresponding pMHC to the TCR of the transgenic T cell. In cases of OT-1 and their natural H-2 K b restricted ligand, SIINFEKL, one can for instance replace the amino acids at position 1 (S against E) or at position 4 (N against R or G) and thereby create ligands that only very weakly bind to the TCR of OT-1 T cells. Defining the TCR binding and stimulatory potency of peptide MHC complexes T cells translate a molecular event, the binding of pMHC complexes to a TCR and its coreceptor, into a cellular response. In line with this, there are both bio-physical and biological parameters that can be used to describe how well the TCR or the whole cell responds to pMHC. The bio-physical parameters are TCR/pMHC affinity, on-and off-rates, and half-life times of the complex, all of which are terms commonly used to describe kinetic aspects of monomeric interactions between two molecules. These parameters can for instance be measured by surface plasmon resonance [39] . While these parameters give the most precise assessment of the ability of the TCR to bind to pMHC, it requires substantial effort and the availability of both soluble pMHC and TCR to measure them. A more practical but less precise assessment of the physical strength of pMHC and TCR interaction is to use soluble peptide MHC-tetrameric molecules and to measure binding of those molecules to the surface TCR of T cells. In analogy to the biochemical term avidity, which is normally used to describe the strength of multimeric receptor ligand interactions, these measurements are usually referred to as pMHC and TCR avidity [40, 41] . Besides the physical strength of pMHC and TCR interaction, there are a number of other factors that can influence the ability of a T cell to respond to pMHC. Moreover, T cells can differ in their ability to translate the signals received though the TCR into a cellular response [42, 43] . It is therefore also important to determine the biological activity of a given pMHC. This can be done by testing the ability of a T cell to respond to different amounts of pMHC ligands [40] . This measure is usually referred to as functional avidity (though it is also often abbreviated as avidity) and it can also be seen as a measure of antigen sensitivity of a T cell [40] . Importantly, functional avidity measurements correlate well in most cases with the physical parameters.
A broad range of pMHC TCR affinities support effector and memory differentiation during an immune response The naïve T cell repertoire is enormously diverse and contains T cells that respond to foreign antigen with a range of high and low affinities. The population of antigenspecific T cells that forms during an infection appears to be only composed of high affinity T cells and this discrepancy raised the question what happens to the low affinity T cells during an infection?
Different observations indicate that even suboptimal levels of TCR stimulation can support effector and memory T cell differentiation. For instance, in autoimmune models where high affinity T cells have been eliminated by thymic or peripheral tolerance, lower affinity effector T cells can be detected that respond to antigen stimulation [44, 45] .
Similarly, vaccines that contain so-called tumor-associated antigens usually induce lower affinity effector and memory T cells. Moreover, even T cells with mutation in the TCR signaling apparatus, which results in less potent activation (see below), can sometimes give rise to effector and memory T cells.
The most direct way to address the question of how differences in the level of TCR stimulation impact T cell responses during an infection is to use pathogens that encode APLs for TCR transgenic T cells (see Defining the TCR binding and stimulatory potency of peptide MHC complexes). Such has for instance been done using P14 TCR transgenic T cells and spontaneous mutants derived from lymphocytic choriomeningitis virus (LCMV) that contain APL for the P14 T cells. These studies showed that a broader range of pMHC and TCR affinity induces the activation of P14 cells [46] , but it remained unclear why low affinity T cells cannot be detected in a polyclonal response after a pathogen infection. In a more recent study, Listeria monocytogenes strains that stably express ovalbumin containing APL for the OT-1 T cells were used [33] . Using this setup, it could be clearly demonstrated that very low potency ligands support T cell differentiation. Those even included ligands that failed to negatively select OT-1 thymocytes in FTOC systems-a notion that will be discussed in more detail below. Despite their striking affinity differences, high or very low affinity ligands induced similar initial T cell responses, i.e., in all cases, the cells went at least through 7-9 divisions and this occurred at a comparable pace with an estimated division time of 4-6 h. Only after this initial period did low and high affinity stimulated T cells begin to respond differently, in that more strongly stimulated T cells terminally accumulated at much larger numbers, proliferated longer, and began to decline in numbers later than T cells stimulated by low affinity ligands. All in all, these studies show a direct correlation between the pMHC TCR affinity and the number of divisions and extent of T cell accumulation. Most importantly, even tiny differences in the functional avidity lead to significantly different T cell numbers [33] .
The different times spent in the expansion phase after high and low affinity antigen stimulation is also the reason why in a polyclonal repertoire the population of antigenspecific T cells appears to be entirely composed of high affinity T cells. High affinity T cells simply outnumber the low affinity T cells so much that we normally fail to detect them when analyzing the T cell response at the peak of expansion or at any later time point. However, when looking at polyclonal T cells at 4.5 days post-infection, low affinity T cells can be detected [33] .
Rather surprisingly, major phenotypic differences between high and low affinity stimulated T cells were not observed. They all showed a typical effector signature, were CD44 high, CD62L low, expressed granzyme B, INFc, and many also TNFa. Moreover, even very low affinity primed T cells mounted a cytotoxic response [33] and very low affinity pMHC TCR interaction support the clearance of Listeria monocytogenes (D.Z. and M.J.B., unpublished observation). Finally, no matter what type of TCR stimulation the T cell had received, they all become memory T cells and those were equally competent in mounting a secondary response. These observations led to the conclusion that very low levels of TCR stimulation are sufficient to fully differentiate T cells but fail to generate large numbers of effector and memory T cells [33] .
Nonetheless, if the conclusions drawn from experiments using TCR transgenic OT-1 T cells are correct, then lower affinity effector and subsequently lower affinity memory T cells should be detectable after an infection. Indeed, using a heterologous prime/challenge setup where a Lm-N4 infection (high affinity wild-type SIINFEKL ligand) is followed by an Lm-V4 infections (low affinity APL ligand), we could detect such cells. When mice are primarily infected with Lm-N4, less than 20 % of the N4-specific T cells cross-react with the V4 epitope. When mice are first infected with Lm-N4 and later with Lm-V4, more than 50 % of the cells in the secondary infection respond to both peptides. The elevation in the numbers of N4/V4 cross-reactive T cells indicates that many of these cells are derived from memory T cells generated during the earlier Lm-N4 infection. The important detail in these experiments is that the N4/V4 cross-reactive T cells strongly react to V4 but only weakly to N4. Thus, the majority of the cross-reactive T cells are descendents of memory T cell clones that were primed by low affinity N4 stimulation [47] .
For OT-1 TCR transgenic T cells, a very large number of APLs have been identified and well characterized in terms of their affinity for the OT-1 TCR and their ability to mediate positive or negative selection in FTOC systems. The border between these two categories is marked by the T4 APL which, depending on the amount of presented peptide, can either support positive or negative selection. Thus, APL with lower functional avidity than T4, i.e. Q4H7, V4, E1, or G4, induce only positive selection, and any stronger ligand, such as Q4R7, Q4, A2, or wild-type SIINFEKL, induce negative selection [48] . In contrast to their ability to stimulate positive but not negative selection in FTOC, V4, Q4H7, and T4 induced the above-described phenotypic and functionally complete differentiation of effector and memory T cells. In a Listeria infection, only the lowest affinity ligands such as E1 failed to expand OT-1 (D.Z. and M.J.B., unpublished observations). These data clearly indicate that there is a difference between the thresholds for negative selection and induction of OT-1 proliferation in the periphery. These observations are also well in line with reports showing that cells with low functional avidity escape negative selection but can be activated in the periphery and harbor the potential to cause autoimmunity [44, 45] .
Number of TCR and pMHC complexes (quantity) needed for T cell activation
Following a pathogen challenge, type I and II interferons strongly upregulate MHC expression on many types of cells. While an infected cell will present virus-derived proteins fragments, many of the surface MHC are even in this situation loaded with peptides derived from self-proteins [49] . Thus, during an infection, DC will present a mixture of self-and viral peptides. An important aspect is how many copies of a distinct pathogen-derived peptide are presented by MHC molecules during an infection, and a question related to that is how many are needed to activate a naïve T cell?
While it is still very difficult and often still impossible to precisely determine the epitope density of a distinct pMHC, a few examples have been provided where numbers of specific pMHC on the cell surface could be elucidated. In 1996, a first study pointed out that even a single pMHC might be sufficient for inducing effector activation [50] . However, the conclusions in this study were drawn without direct proof that an APC presenting only a single specific pMHC can activate T cells. Such proof was provided in a later study where highly sensitive imaging techniques were used to detect low numbers of fluorescently labeled MHC bound peptides. With this approach, it was directly demonstrated that 1-3 pMHC are sufficient for triggering effector T cell functions and 10 pMHC for fully activating T cells [51] [52] [53] . That different numbers of pMHC are needed to induce different T cell functions is also supported by other circumstantial evidence. It is well known that, when T cells are exposed to titrated doses of peptides, higher concentrations of peptide are needed for inducing proliferation and cytokine secretion whereby cytotoxicity can be induced using slightly lower concentrations [54] . Despite the principal demonstration that a few pMHC can induce T cell activation in vitro, it is not known whether such low numbers are sufficient for T cell activation in vivo.
Do self-pMHC contribute to T cell activation?
It is well established that peripheral T cells weakly interact with self-pMHC complexes and that those weak engagements provide a survival signal for naïve peripheral T cells. Considering that an antigen-presenting cell even during an infection will present a large number of self-peptide MHC, an interesting question is whether these contribute to T cell activation.
In an early attempt to answer this question, RMA-S cells were used which, unlike their parental cell line RMA, are TAP-deficient and therefore largely lack surface MHC. Both types of cells can be loaded with synthetic H-2Kb binding peptidesm and the number of resulting pMHC can be measured by the 16-D1.25 antibody [54] . Interestingly, RMA-S and RMA cells that present similar numbers of pMHC can stimulate OT-1 T cells equally well and irrespective of the presence or absence of self-pMHC [55] . The same question was subsequently investigated using a very sophisticated setup. Here, recombinant MHC molecules were loaded either with a cognate peptide that efficiently stimulates TCR transgenic T cells or with a self-peptide that is weakly recognized by the same TCR. In this setup, monomeric peptide MHC molecules failed to activate the transgenic T cells while, as expected, dimeric peptide MHC molecules carrying two cognate peptides efficiently activated the T cells. Very surprisingly, even hetero-dimers composed of the cognate and the self-peptide efficiently stimulated the T cell response [56] . These studies clearly contrast with the RMA work, but a possible explanation for this discrepancy is that both RMA and RMA-S cells may present such a large number of specific pMHC that, irrespective of the presence or absence of self-pMHC, there are simply enough cognate pMHC on the surface to activate the T cells. It should also be noted that RMA-S are not completely free from self-pMHC and that they still present some pMHC loaded with peptide despite the absence of functional TAP molecules. In any case, the heterodimer observations strongly suggest that self-pMHC augment T cell activation. Other studies show a similar supporting effect of self-pMHC [57, 58] , and it has been observed that, when T cells are deprived from pMHC contacts, they become less sensitive to stimulation [59] .
Signaling pathways in memory T cells
The difference in signaling efficiency between naïve and memory T cells could originate at multiple points along the TCR-driven signaling pathways as discussed below and shown in Fig. 1 . Memory T cells are generated during or following the primary response, and there have been numerous studies which have examined the kind of TCR signals that are required for generating T cell memory. However, a second issue is to clarify whether fully developed memory T cells utilize distinct signaling pathways compared to those used by naïve T cells. Although these two problems are not always discussed separately, some of the work in this area is presented below.
The difference in signaling efficiency between naïve and memory T cells could originate at multiple points along the TCR-driven signaling pathways. Using mice with inducible Lck expression, Tewari et al. [60] showed that unlike in a primary response, Lck was dispensable for the induction of a memory CD8 T cell response. The authors speculate that the Ga11-dependent, phospholipase C-b-mediated pathway may compensate for the absence of Lck expression as is the case with TCR signaling driven by bacterial super antigens. Another possibility is that memory T cells express more phosphoproteins in their lipid rafts compared to their naïve counterparts, and this provides a primed state, which compensates for the lack of Lck activity in Lck OFF mice. Given the fact that much of the Lck pool is CD8-associated, it is not surprising that memory CD8 T cells are also less dependent on CD8 co-receptor function.
Using a novel approach, Au-Yeung et al. [61] engineered a mutant ZAP-70 gene, whose gene product could be inhibited by a small molecular weight inhibitor, 3-MB-PP1. By combining the genetically modified mouse strain and the inhibitor, the authors could block ZAP-70 kinase activity during various points during an immune response. In contrast to the results with Lck (see above), the activation of memory T cells requires ZAP-70 kinase activity. One caveat is that given the inhibitor's short half-life in vivo, the inhibitor's effect on memory T cells was assayed ex vivo. Nevertheless, if ZAP-70 but not Lck kinase activity is required to activate memory T cells, the implication is that ZAP-70 is activated by a kinase other than Lck. Whether this is Fyn or whether ZAP-70 is activated by an alternative mechanism is not yet known.
SLP-76 is an important phosphoprotein that nucleates signaling complexes required for the propagation of TCR signals [62] . Using mice, which can express mutations in the SLP-76 gene in an inducible manner, Smith-Garvin et al. [63] could show that the Y145F, and to a lesser extent the Y112F/Y118F double mutation, dampened TCR signals and that this favors the development of memory T cells at the expense of terminally differentiated effector cell. This may reflect the normal development of T cell memory, which begins following antigen clearance when T cells no longer encounter antigen-bearing APCs. T cells expressing mutant SLP-76 proteins may not be able to respond to lower levels of antigen as well as wild-type T cells and for this reason may enter the memory differentiation program at an earlier point. Given the importance of the transcription factor Tbet in driving effector T cell differentiation, attenuating SLP-76 signaling may operate by reducing Tbet expression through the SLP-76 ? mTOR ? Tbet pathway or alternatively a SLP-76 ? ITK ? Tbet pathway. Interestingly, CD8 T cell memory can be generated from T cells expressing mutant SLP-76 even when the same cells are unable to express normal amounts of inflammatory cytokines. A similar study also showed that the persistence of memory T cells was independent of SLP-76 [64] .
Bushar et al. [65] examined the role of SLP-76 signaling in establishing CD4 memory T cells. In contrast to its [66] examined the effects of ERK deficiency on CD8 T cell activation, proliferation, and survival. While ERK-1 seems dispensable, the absence of ERK-2 had serious consequences for CD8 T cells. Surprisingly, ERK-2 deficiency does not affect CD8 T cell proliferation but limits clonal burst size by limiting T cell survival. This is likely mediated by decreased Bcl-2 and Bcl-XL and increased Bim expression. The observation that Bim deficiency rescues this survival defect supports this idea. As ERK phosphorylates the FoxO3 transcription factor leading to its degradation and Bim transcription is dependent on FoxO3, this is a potential mechanism of how ERK activity can inhibit Bim expression and promote CD8 T cell survival [66, 67] . A similar phenotype has been observed in PKC-hdeficient [68] and RasGRP1-deficient [69] T cells (normal proliferation but poor survival). As PKC-h and RasGRP1 activity each contributes to ERK activation, deficiency of either of these upstream ERK activators may similarly lead to increased Bim expression and decreased CD8 T cell survival. It should be pointed out that these studies did not directly examine memory responses, but rather survival of T cells, during the primary response. It is likely that the efficiency of T cell survival during the contraction phase of the primary response affects the number of cells, which enter the memory pool.
Arbour et al. [70] studied anti-viral responses in JNK1-and JNK2-deficient mice and observed divergent roles for these two related map kinases. Although both types of knockout mice could clear LCMV infections, antigenspecific CD8 T cells expanded poorly in JNK1-deficient animals. This was due to an increase in apoptosis of the expanding T cell population. Nevertheless, the surviving T cells expressed IFN-c. Interestingly, memory responses to LCMV were equivalent in JNK1-deficient and wild-type mice. CD8 memory T cells may not require JNK1, and T cells surviving the primary response were selected for their JNK1 independence. In contrast, JNK2 knockout mice displayed an increased expansion of antigen-specific CD8 T cells compared to JNK2-sufficient animals. The mechanism underlying these striking differences has not yet been elucidated. Given that JNK isoforms are involved in TCR and co-stimulatory signaling pathways, it has been difficult to pin down where the JNK proteins function during the anti-viral responses. One attractive candidate for JNK1 is the co-stimulatory molecule, 4-1BB, since the 4-1BB ligand and JNK1 knockouts have similar phenotypes. The authors suggest that JNK1 may be required for transducing signals from the 4-1BB receptor.
Kersh et al. [71] studied a number of signaling components in CD8 memory T cells and observed that, despite an equivalent ability to phosphorylate CD3f and ZAP-70, they more efficiently phosphorylate LAT, ERK, JNK, and p38 compared to naïve and effector T cells. They linked these differences to the presence of more lipid rafts containing increased amounts of asialo-GM1 and a higher content of phosphor proteins, including LAT. As asialo-GM1 contains less negatively charged sialic acid, it is possible that this difference allows for the formation of more tightly packed clusters of lipid rafts in CD8 memory T cells. CD8 memory T cells also phosphorylated LAT more efficiently upon antigen stimulation compared to their naïve and effector counterparts. The authors suggest that these changes account for the rapid induction of TCR signaling observed in CD8 memory T cells.
NFjB signaling is important in T cell responses, and its role has been examined in the generation of T cell memory. Members of the NFjB transcription factor family are kept inactive by binding to members of the IjB family including IjBa, IjBb, and IjBe. IKK1 and IKK2 are kinases, which phosphorylate IjB proteins leading to their ubiquitination and subsequent degradation by the 26S proteasome. This releases the NFjB allowing its translocation to the nucleus to fulfill its role as a transcription factor. Using a T cellspecific deletional approach, Schmidt-Supprian et al. found that IKK2 was not required for the survival of naïve peripheral T cells, but was essential for the generation of CD4 memory and regulatory T cells [72, 73] . A similar dependence on NFjB signaling for the generation of CD8 memory T cells was seen in mice expressing a dominant negative form of IjBa [74] .
Along this line, Teixeiro et al. [75] described a mutant TCR, which supported primary CD8 T cell responses, but failed to generate a memory response. The mutation was located within the CART motif of the TCRb chain; this is a highly conserved transmembrane sequence present within all vertebrate B and T cell receptor genes. The mutant TCR displays two obvious defects: it co-localizes poorly in the synapse and it only weakly activates NFjB signaling. Given the mutant receptor's inability to be recruited to the synapse, it is likely that the PKC-h ? Carma-1 ? Malt1 ? Bcl-10 ? IKK2 pathway is poorly activated, leading to inefficient and delayed NFjB activation. It is intriguing that the conserved IKK2-driven signaling pathway has relatively little impact on primary responses, but is critical for generating long-lived memory T lymphocytes. mTOR has also been shown to have a pivotal role in the development of CD8 T cell memory. Pearce et al. [76] noticed that TRAF6-deficient T cells are unable to generate a memory response. An analysis of TRAF6 knockout T cells revealed that they were defective in activating AMPactivated kinase and were altered in mitochondrial fatty acid oxidation. Following these data, the authors treated mice harboring TRAF6-deficient T cells with metformin or rapamycin, which are known to affect cellular metabolism. Treatment with either of these inhibitors was able to restore the memory response from TRAF6-deficient T cells. Independently, Araki et al. [77] found that rapamycin increased the number of CD8 memory T cells in normal mice, which was due to its inhibition of mTOR within the mTORc1 complex. Using an RNAi knockdown approach, these authors were able to show that mTORc1 regulates the development of T cell memory. Both mTOR and AMPK regulate cell growth by controlling how the T cell produces energy. Following antigen stimulation, the T cell switches from catabolic metabolism (oxidative phosphorylation via fatty acid metabolism) to anabolic metabolism (via glycolysis) [78] . To generate memory T cells, mTOR and AMPK are involved in switching back from anabolic to catabolic metabolism. It is still not clear how changing the mode of ATP production (via catabolic metabolism) results in development of a memory phenotype. More work will likely clarify the relationship between metabolism and the establishment of T cell memory.
TCR signals have also been shown to synergize with IL-2 receptor and CD28 to activate the PI3K-dependent kinase, Akt. Although Akt has been traditionally linked with the regulation of T cell metabolism [79] , recent work by Macintyre et al. [80] demonstrated normal glucose uptake and survival by Akt-inhibited T cells. Instead, Aktmediated signals downstream from TCR and IL-2 receptor appear to control effector T cell differentiation at the expense of memory T cell generation. Microarray analysis of gene expression in Akt-inhibited T cells revealed increased expression of memory-associated genes including IL-7R, CCR7, and CD62L while effector-associated gene expression, including IFN-c, granzyme B, and perforin, were reduced. The authors went on to show that Aktmediated inhibition of FoxO3a-regulated gene expression is an important factor driving effector T cell differentiation. Although this work does not distinguish the independent contribution of TCR to effector T cell development, it supports a terminal differentiation model where strong/sustained signals promote full effector differentiation while weak/aborted signals promote memory T cell generation.
It is not surprising that some of the signaling pathways may be differently utilized in memory and effector T cells since these cells have different physiological roles. Memory T cells have to survive for long periods of time in the absence of cognate antigen stimulation, but must be able to quickly develop full effector function upon re-exposure to the priming antigen. The issue of how a naïve T cell develops into both effector and memory lineage T cells is a fascinating problem, which likely has parallels to gene expression programs in other differentiating systems. The elucidation of these events is ongoing, but there are clearly many unanswered questions surrounding this complex immunological problem.
